Introduction
Nematodes are characterized as a group of unsegmented, worm-shaped, round animals, which have established themselves in nearly all possible ecological niches. Those residing in the soil feed either on bacteria, fungi, other nematodes, and insects or on roots of plants. Plantparasitic nematodes are microscopic round worms that feed on plants and cause a substantial amount of yield loss. They constitute 10% of all nematodes and are the principal animal parasites of plants (Sasser, 1990) . They are major pests of temperate and tropical agriculture and have a global economic effect on crops of more than US$100 billion each year (Atkinson et al., 1995) . Plant-parasitic nematodes are either ectoparasites (living outside the root) or endoparasites (living inside the root) (Ayoub, 1980) . The second, and economically more important, category of endoparasites is the sedentary nematodes, such as the cyst nematodes of the genera Heterodera and Globodera and the root-knot nematodes of the genus Meloidogyne. Both groups can have devastating effects on many agricultural crops. Sedentary nematodes are stationary during feeding. They invade the host root as juveniles and then induce the formation of highly specialized feeding structures within the vascular cylinder. These serve to satisfy the nutritional demands of the developing animal. Root-knot nematodes feed from multinucleated giant cells developed by the expansion of cambial cells within the differentiating vascular cylinder, whereas cyst nematodes feed from a syncytium, which is composed of numerous cells after fusion of the protoplasts (Sijmons, 1993; Fenoll et al., 1997) .
Aboveground symptoms of injury by root parasites generally resemble those associated with any root injury that interferes with water and nutrient absorption, translocation, and the physical support of the plant top (Ayoub, 1980) . Thus, it is not always easy to determine the proportion of nematode infection related with crop loss in the field. Typical symptoms of nematode infection are retarded growth, changes in root morphology, and wilting. Nematodes may cause injury to host plants in many ways, including mechanical injury via penetration and movement through tissues, cellular changes such as death of cells (necrosis) and changes in growth of cells, physiological changes in the host such as interruption in uptake and flow of water and nutrients from roots and flow of food from leaves to roots, and creation of openings for entry of other microorganisms and interaction with other disease-producing agents like bacteria, fungi, and viruses, causing their transmission and, most significant of all, increasing susceptibility to environmental stress (Sasser, 1990) . Thus, nematodes do not necessarily kill the hosts directly, but rather cause their death by making them more susceptible to diseases and other pathogens and environmental stresses. Various control measures have been applied worldwide in order to lessen the effects of nematode infection on crop losses. The most significant measures are chemical control by nematicide application, cultural practices like crop rotation, and breeding of resistant varieties. Use of tree parts, such as Avicennia marina leaves and stems or dry neem leaves, is also an effective method of nematode control (Tariq et al., 2007; Khan et al., 2012 ). An alternative method of nematode control is via genetic engineering of crops with naturally occurring resistance genes.
A diverse group of naturally occurring resistance genes against sedentary nematodes have been cloned in a number of crops and divided into 5 classes based on their structural features (Baker et al., 1997; De Wit, 1997; Hammond-Kosack and Jones, 1997; Vos, 1998) . Among these 5 groups, the fourth group encodes extracellular proteins without an apparent nucleotide-binding site domain, but with a leucine-rich repeat motif (LRR). The C-termini of these proteins consist of a transmembrane region and a small cytoplasmic tail. This group includes the sugar beet gene Hsl pro1 , which confers resistance to the beet cyst nematode Heterodera schachtii.
The Hsl pro1 gene is located on chromosome 1 of the wild sugar beet species Beta procumbens and confers resistance to the beet cyst nematode Heterodera schachtii (Cai et al., 1997) . It has an intronless open reading frame of 846 bp encoding a predicted gene product of 282 amino acids. The possible mode of resistance of the Hsl pro1 protein has been predicted through the defined domains. According to this model, the extracytoplasmic LRRs located at the NH 2 -terminus may function as a receptor, recognizing putative elicitors, which are either secretions injected through the nematode's stylet or compounds released from cuticular ducts of gland cells or contained in the surface coat of nematodes. The roots of plants carrying the Hs1 pro1 gene are invaded by J2 juveniles, but most of the nematodes die in the late J2 stage because of the degradation of the initiated feeding structure (syncytium). Thus, nematodes cannot complete their life cycle successfully in the presence of the gene. Recent studies showed that orthologs of Hs1 pro1 from Arabidopsis thaliana and Nicotiana attenuata represent a broader stress response not only to nematodes but also to other types of abiotic and biotic stresses (Baena-González and Sheen, 2008; Gilardoni et al., 2010; Schuck et al., 2012) .
In 
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Materials 2.1.1. Bacterial strains, plasmids, and plant material
Agrobacterium tumefaciens strain EHA105 was used as the bacterial strain. The plasmid pDNEM3300 (10,340 bp) was constructed by inserting the Hs1 pro1 cDNA with KpnI and XbaI into the multiple cloning site of the pCAMBIA vector. Two-to 3-month-old leaves of Nicotiana tabacum cultivar Samsun were used as the explant source. Murashige and Skoog culture medium was used during plant tissue culture experiments (Murashige and Skoog, 1962) .
Methods 2.2.1. Cloning of Hs1
pro1 cDNA into pCAMBIA vector Hsl pro1 cDNA was amplified with the following primers: forward primer 5'-GGT ACC CTA CGC GGT TGA ATC TGC-3' and reverse primer 5'-TCT AGA CAT TAC TCA GCC GAG TCA G-3' , adding KpnI and XbaI restriction sites at the 5' and 3' ends of the sequence, respectively. The reaction was carried out for 25 cycles, including 30 s of denaturation at 95 °C, 45 s of annealing at 55 °C, and 45 s of extension at 72 °C in each cycle. The polymerase chain reaction (PCR) product was cloned into the multiple cloning site of the pCAMBIA vector T-DNA between the CAMV35S promoter and the NOS terminator. The T-DNA also contains the bar gene, which confers resistance to phosphinothricin (PPT) (Thomson, 1987) . The newly formed vector was named pDNEM3300.
Transformation of Agrobacterium tumefaciens with pDNEM3300 via electroporation
Competent cell preparation and electroporation of Agrobacterium strain EHA105 were carried out according to Lin et al. (1995) and Merseraau et al. (1990) . Briefly, electrocompetent cells were thawed on ice immediately before use and mixed with 1 µg of plasmid DNA. The samples were placed in 0.1-cm electroporation cuvettes (precooled to 4 °C) and electroporated at 16.7 kV of voltage and 25 µF of capacitance using a Bio-Rad Gene Pulser II. Positive transformants were selected on appropriate antibiotics, and results were verified with colony PCR using the same conditions as above.
2.2.3.
Transformation of tobacco with EHA105::pDNem3300 The modified transformation method of Öktem et al. (1994) , which was first described by Horsch et al. (1984) , was used throughout the transformation studies of the tobacco leaves. The Agrobacterium-treated explants, together with a group of negative control explants that were not treated with Agrobacterium, were placed on 5 mg/L PPT as a selective agent, while the positive control plates contained no PPT.
Analysis of putative transgenic plants
Total genomic DNA was isolated from putative transgenic plants by CTAB method as described by Doyle and Doyle (1990) . The integration of T-DNA into the N. tabacum genome was confirmed with PCR as described above. Leaf disks of transformed plants were regenerated on 5 mg/L PPT in order to test the regeneration efficiency of the transgenic plants on selective media. Total RNA was isolated from T1 plants using a NucleoSpin RNA Isolation Kit (Macherey-Nagel) according to the manufacturer's instructions. DNase-treated RNA samples were reversetranscribed using a Fermentas cDNA First Strand Synthesis Kit following the manufacturer's instructions. Reverse transcriptase-PCR (RT-PCR) was performed on T1 plants in order to test the expression on Hs1 pro1 in transgenic plants.
A colorimetric assay named the chlorophenol red test, which was first described by Kramer et al. (1992) for the rapid identification of transformed Zea mays protoplast explants via PPT selection, was also used for analysis of the transgenic plants. The test is based on the detection of pH change in the culture media of the explants via color change, which is visualized with the help of the pH indicator, chlorophenol red. Putative transgenic leaf disks and wild-type explants were placed, separately, on MSB media supplemented with PPT (3 mg/L) and the pH indicator, chlorophenol red (15 mg/L), and were kept in the environmental growth chamber under normal conditions (25 °C; 16 h light, 8 h dark photoperiod). The plates were photographed on the first day and the following days to show the color difference.
BASTA selection
In order to screen the transgenic individuals for herbicide resistance, 1.5-month-old T1 seedlings planted in soil pots were sprayed with 1% BASTA.
Bioassay of T1 seedlings by nematode infection
The soil of 20 seedlings of T1 and wild-type plants were each infected with 2 different nematode species, M. incognita and M. javanica. The J2 juveniles of the nematodes were obtained according to the Baermann-funnel method (Baker et al., 1986 ) and inoculated into 2-cm-deep holes in the soil, with an approximate value of 1000 larvae per pot. The holes were closed with sterilized soil after the inoculation. Twenty days later, the roots of the seedlings were detached from the soil; gall formation was evaluated according to the 0-10 Gall Index Scale (Baker, 1986) . The gall index numbers were statistically analyzed by one-way ANOVA using the Minitab statistical software program.
Results
Regeneration and selection of putative transgenic tobacco explants
Leaf disks of Nicotiana tabacum cv. Samsun were transformed with the pDNEM3300 plasmid bearing the overexpressed Hs1 pro1 gene cassette via Agrobacteriummediated gene transfer. The T-DNA of pDNEM3300 also contains the bar gene, which confers resistance to the herbicide BASTA; spraying of putative transgenic plants allows for another means of selection of positive transformants.
The Agrobacterium-treated explants, together with a group of negative control explants that were not treated with Agrobacterium, were placed on PPT, while the positive control plates contained no PPT. PPT is an analog of glutamic acid and it inhibits glutamine synthase enzyme, which has a major role in reassimilation of NH 3 .
The toxicity of PPT is, thus, mainly due to the accumulation of ammonia in the plant system. The herbicide resistance gene, bar, which was designed as the plant selective marker within the right and left borders of the T-DNA of pDNEM3300, codes for the enzyme phosphinothricin N-acetyl transferase (PAT) (Thompson, 1987; Strauch, 1988) . This enzyme inhibits the action of PPT by acetylation. Hence, the control explants lacking the enzyme PAT die due to ammonia accumulation in the presence of PPT, while the positive transformants survive. The transformation experiments were repeated 3 times. Of the approximately 80 leaf disks of the putative transgenic lines that had been placed on selective media, about 70% were able to regenerate to form calli and give shoots, whereas leaf disks from untransformed control plants failed to regenerate. The high survival rate and successful regeneration of Agrobacterium-treated leaf disks and the death of untreated explants on a lethal dose of PPT (5 mg/L) indicated that the gene of interest, together with the selective marker, had been successfully integrated into the plant genome. Shoots that emerged from the calli 4-5 weeks after transformation were cut at the base and transferred to root induction medium containing 3 mg/L PPT. After successive sets of transformation experiments, a total number of 27 transgenic lines were obtained. Each transgenic line was denoted as Nem/1, Nem/2, Nem/3, and so on. All transgenic lines successfully formed roots in the presence of PPT. The regenerated plantlets were transferred to soil approximately 1 month later. The delicate plantlets were first acclimatized to soil by being kept in a controlled-environment chamber for 10 days before being transferred to the greenhouse. The plants transferred to soil started to flower 1.5-2.5 months later, and the flowers were covered to prevent cross-pollination. All of the plants transferred to soil were fertile and were phenotypically and morphologically normal compared to wild-type plants. The seeds of T1 progeny were collected for further analyses.
Colorimetric (chlorophenol red) test
This test was first described by Kramer et al. (1992) and is mainly based on the detection of the change in color of the selective medium due to pH change. The color of the medium changes from red to yellow with decreasing pH and from red to purple with increasing pH in the presence of the nontoxic pH indicator chlorophenol red.
In our study, the color of plates with untransformed plants on PPT-containing medium changed from red to purple due to ammonia accumulation. The transgenic explants that were able to utilize PPT caused acidification of the medium; therefore, color of the medium changed from red to yellow. Figure 1 shows the results of the color viability test.
PCR analysis
In order to verify the integration of the gene of interest, Hs1 pro1 , into the genome of the transformed plants, the Hs1 pro1 gene was amplified with gene-specific primers by PCR. Total genomic DNA from the Nem/1 plants was extracted from plant leaves after transfer to soil. Genomic DNA of wild-type tobacco plants was used as a negative control in the PCR reaction. The positive control was the plasmid pDNEM3300. The expected size of the full length cDNA of Hs1 pro1 , which is 941 bp, was visualized. The PCR result is shown in Figure 2A . The PCR results reveal that the Hs1 pro1 gene was successfully integrated into the genome of the Nem/1 plants. 
RT-PCR analysis
In order to verify whether Hs1 pro1 was successfully integrated and expressed in the T1 progeny, total RNA was isolated from T1 plants and reverse-transcribed. cDNA was then amplified with the gene-specific primers. RT-PCR products were subsequently electrophoresed and photographed. Figure 2B shows the results. The expected size of the full length cDNA of Hs1 pro1 , which is 941 bp, was visualized. The RT-PCR showed that the Hs1 pro1 was integrated and expressed in the T1 progeny of transgenic tobacco plants. 3.5. BASTA selection T1 progeny of Nem/1 transgenic plants and wild-type tobacco seedlings, of 1.5 months old, were treated with 1% BASTA, a commercial herbicide. Only 6 out of 48 transgenic seedlings bearing the bar gene died after BASTA spraying, while none of the wild-type control plants survived (Figure 3 ).
Bioassays
The bioassays were carried out as follows: the soil of 10 transgenic plants each were infected with J2 juveniles of 2 different species of nematode, Meloidogyne incognita and Meloidogyne javanica, and the root morphology of the plants 20 days after infection was examined. Figure 4 gives representative photos of the roots of infected plants. The photographs were taken 22 days after infection.
Gall index of the roots and statistical analysis
The roots were scored from 0 to 10, according to a rating scheme for the evaluation of root-knot infestation (Barker, 1985) . The table shows the results of the gall index; 0 means a complete and healthy root system with no infestation, and 10 means that the plant and roots are dead. The average gall index numbers for wild-type and transgenic plants infected with M. javanica were 5 ± 0.53 and 3.4 ± 0.48, respectively. The average gall index numbers for wild-type and transgenic plants infected with M. incognita were 3.5 ± 0.40 and 2 ± 0.25, respectively. The statistical analysis of the root gall indices was performed according to one-way ANOVA test using the MINITAB statistical software program. The gall indices for wildtype and transgenic plants infected by M. incognita were compared in one test (P = 0.021), and the gall indices for wild-type and transgenic plants infected by M. javanica were compared in another test (P = 0.008). According to the 95% confidence interval, the gall indices for wild-type and transgenic plants infected separately with M. incognita and M. javanica came out to be statistically different. The preliminary results of the bioassays indicate that transgenic plants are more resistant to nematode infection compared to wild-type plants.
Discussion
Plant-parasitic nematodes have a very broad host range, and they cause an estimated 10% to 25% annual reduction in crop yield. The annual crop loss due to nematode infection in the United States is in the range of 1 billion dollars (Jenkins and Taylor, 1967) . The yield loss caused by beet cyst nematode H. schachtii, in particular, is estimated to be 90 million euro each year in the EU countries (Muller, 1999) .
Control of nematodes by chemical means requires nematicide application at lethal doses to soil infested with the parasites. However; chemical control is not only costly but also involves the use of compounds like carbonates such as aldicarb, which is one of the most environmentally hazardous pesticides in widespread use, and methyl bromide, which causes damage to the ozone layer. Under the original Montreal Protocol agreement in 1987, developed countries were required to begin phasing out chlorofluorocarbons in 1993 and to achieve a 50% reduction relative to 1986 consumption levels by 1998. Thus, the use of nematicides has been abandoned in many countries due to the associated toxicity problems.
As an alternative nematode control strategy, crop rotation is the most important means of control for several nematodes, but certain criteria must be met for rotation to be effective. The nematode population must be high enough to damage the primary crop or be potentially damaging; complete knowledge of the nematode's host range, including weeds, must be available, which usually requires extensive testing of the local population against potential hosts; the nematode population must be appreciably reduced by the rotation so that the primary crop can be economically produced; and the crop(s) to be included in the rotation must be adapted to the practices of the grower and easily marketable. Even when these criteria are met, crop rotation is generally not adequate alone as a control measure.
The use of crop varieties resistant to nematode attack offers a promising method of control; however, it also exhibits some limitations. Classical breeding programs take a long time before any success is achieved, and they are limited to a small range of crops in which natural resistance genes are found in the wild species.
The limitations of conventional control procedures provide an important opportunity for plant biotechnology to produce an effective and durable means of nematode control. This approach is advantageous in several ways, as it reduces the toxicological and environmental risks associated with chemical control and is an effective and appropriate means of crop protection.
There are currently several strategies developed biotechnologically for nematode resistance. Among them, 2 strategies stand out: the antinematode and the antifeeding structure approaches . The use of enzyme inhibitors (e.g., proteinase inhibitors) has recently gained success and seems likely to be further developed in the future. The main difficulty of the second type of strategy, the antifeeding structure approach, is its requirement to interact with a modified plant tissue in a highly specific manner. This restriction can be solved by the use of natural resistance genes isolated from wild species of plants that have been proven to confer resistance to different types of nematode species. Among these, the Hs1 pro1 gene, which was isolated from the wild species of sugar beet, has been proven to confer resistance to beet cyst nematode H. schachtii. To our knowledge, this is the first report of transforming nematode resistance gene B. procumbens Hs1 pro1 into another plant species and testing for nematode resistance.
After the discovery of Hs1 pro1 in sugar beet, orthologs of this gene were identified in several other plant species. The Arabidopsis (Arabidopsis thaliana) genome encodes for 2 homologs of B. procumbens Hs1 pro1 , HSPRO1 and HSPRO2, and these 2 genes have been categorized as general stresssignaling genes (Baena-González and Sheen, 2008) . In a recent study, the ortholog of Hs1 pro1 , named HSPRO, was identified through superSAGE analysis of the wild tobacco species Nicotiana attenuata transcriptome for early mediators of insect responses (Gilardoni et al., 2010) . The function of HSPRO of N. attenuata was investigated further by Schuck et al. (2012) , and their findings suggested that, similar to other plant species, HSPRO responded to multiple biotic-stress-associated stimuli. Taken together, these data are in accordance with our results that the transgenic N. tabacum plants carrying the Hs1 pro1 gene have resistance to 2 different root-knot nematode species and hence have a broad spectrum of resistance in addition to the originally identified cyst nematode resistance in wild sugar beet.
This study provides promising results in terms of engineering susceptible crop plants such as tomato and potato against nematode infection, which causes devastating amounts of yield loss each year worldwide.
